c Naturally occurring quinolone and quinolone-like compounds, such as quinine, 2-hydroxyquinoline, 4-hydroxyquinoline, and 2-heptyl-3-hydroxy-4(1H)-quinolone, increased expression of qnrS1 in Escherichia coli 2.3-to 11.2-fold, similar to the synthetic quinolone ciprofloxacin. In contrast, chromosomal qnrVS1 of Vibrio splendidus was not induced by these compounds. Molecules associated with quorum sensing, such as N-3-hydroxybutyryl-homoserine lactone (HSL), N-hexanoyl-HSL, and N-3-(oxododecanoyl)-HSL, did not show an induction effect on either qnrS1 or qnrVS1 at the tested concentrations.
Q
uinolones are synthetic antimicrobials structurally related to the heterobicyclic aromatic compound quinoline, named from the oily substance obtained after the alkaline distillation of quinine (1, 2) . Since the identification and purification of quinine from Cinchona bark in 1820, other quinoline derivatives have been isolated from natural sources (2, 3). 2-Hydroxyquinoline and 4-hydroxyquinoline (4-quinolinol) were isolated from plant sources, and they exist predominantly as 2(1H)-quinolone and 4(1H)-quinolone, respectively (2) . Several different animal and bacterial species also produce compounds of the quinolone class. 2,4-Dihydroxyquinoline (2,4-quinolinediol; DHQ) is a metabolite found in cultures of both Pseudomonas aeruginosa and Burkholderia thailandensis and is structurally related to 2-alkyl-4(1H)-quinolones (2, 4) . DHQ can exist in both 4-hydroxy-2(1H)-quinolone (predominant at physiologic pH) and 2-hydroxy-4H-quinolone tautomeric forms (2) . Quinolinic acid (2,3-pyridinedicarboxylic acid) is a compound produced by oxidation of quinoline, and it is an endogenous metabolite derived from a major catabolic pathway that is present in several mammalian tissues (5) . A number of quinolones with interesting antimicrobial properties are produced by various microorganisms. For example, P. aeruginosa and related bacteria produce 2-alkyl-4(1H)-quinolones, some of which exhibit antimicrobial activity (2). 2-Heptyl-3-hydroxy-4(1H)-quinolone, known as the Pseudomonas quinolone signal (PQS), belongs to the 4-quinolone family, which is best known for antimicrobial activity (6) . Interestingly, this naturally occurring quinolone molecule also acts as a quorum-sensing (QS) signal molecule, controlling the expression of many virulence genes as a function of cell population density (2, 5) . QS is a mechanism by which bacteria regulate specific target genes in response to a critical concentration of endogenously produced signal molecules (6, 7) . QS is mediated by the production and sensing of autoinducers, e.g., small molecules, whose extracellular concentration reflects the cell population density (2) . Most QS signals are either small (Ͻ1,000 Da) organic molecules or peptides with 5 to 20 amino acids (8) . QS signal molecules are chemically diverse, and N-acyl-homoserine lactone (AHL) production is widespread among Gram-negative bacteria (8) . The Gram-negative QS systems have been characterized extensively for the marine Vibrio species (9) . In Vibrio species, N-3-hydroxybutyryl-homoserine lactone (3-hydroxy-C 4 -HSL) and N-hexanoyl-HSL (C 6 -HSL) are known to be associated with Vibrio harveyi and Vibrio salmonicida, respectively (10) (11) (12) . Although no AHLproducing Escherichia coli strains have been identified so far, E. coli has a mechanism for detecting and responding to AHL produced by other bacteria (8, 9) . The P. aeruginosa QS systems function through two AHL-based autoinducers: N-3-oxododecanoyl-HSL (3-oxo-C 12 -HSL) and N-butanoyl-HSL (C 4 -HSL) (7). Gram-negative bacteria, especially P. aeruginosa, produce not only AHL but also 2-alkyl-4-quinolones, including PQS, as QS signal molecules (8) . The synthesis of many virulence factors is controlled by QS and positively regulated by PQS (2, 6) . Thus, naturally occurring quinolones such as PQS may play a role not only as natural antibiotics but also as inducers of bacterial virulence genes.
Chromosomal qnr genes are found most commonly among aquatic Gram-negative bacteria, including a number of Vibrio species (13) . Qnr proteins protect DNA gyrase and topoisomerase IV from the action of synthetic quinolones, but their natural functions are not known (14) . Quinolone antimicrobials induce both chromosomal qnrVS1 of Vibrio splendidus and the closely related plasmid-carried qnrS1 gene, whose encoded amino acid sequences differ by 16% (15) . Induction of these qnr genes occurs at subinhibitory concentrations and is independent of the SOS system (16) , in contrast to the case of qnrA, which is not induced by quinolones, and qnrB, which has a lesser degree of quinolone induction, in an SOS-dependent manner (17) . To explore potential natural functions of Qnr proteins, we evaluated whether naturally occurring quinolone and quinolone-like compounds (NQLC) are also inducers of qnrVS1 and qnrS1, as is ciprofloxacin. In addition, since PQS is linked to QS, we determined whether other Gramnegative QS signaling molecules could affect expression of these two qnr genes.
We identified 6 commercially available NQLC (quinine, 2-hydroxyquinoline, 4-hydroxyquinoline, PQS, DHQ, and quinolinic acid) and 3 commercially available quorum-sensing signal molecules (3-hydroxy-C 4 -HSL and C 6 -HSL, associated with Vibrio species, and 3-oxo-C 12 -HSL, related to P. aeruginosa) (Fig. 1) . All compounds were from Sigma-Aldrich (St. Louis, MO). For stock solutions, quinine, 2-hydroxyquinoline, 4-hydroxyquinoline, and PQS were dissolved in ethanol. DHQ and quinolinic acid were dissolved in 0.1 N NaOH. Dimethyl sulfoxide (DMSO) was the solvent for the 3 HSL QS signal molecules. Stock solutions were diluted in water or broth medium.
The MICs of all NQLC except PQS were higher than 160 g/ ml. Since PQS was poorly soluble at high concentrations, it was tested at lower concentrations than those of the other compounds. The MIC of PQS was Ͼ12.5 g/ml. The MICs of all tested compounds were similar for both Escherichia coli DH10B (with or without plasmid pMG306) and V. splendidus. We were unable to determine the exact MIC values of PQS, but they were at least 50-fold and 25-fold higher than the ciprofloxacin MICs in E. coli DH10B/pMG306 (0.25 g/ml) and V. splendidus (0.5 g/ml), respectively. Thus, the antimicrobial activities of these NQLC were substantially lower than that of synthetic ciprofloxacin.
To determine whether qnrS1 and qnrVS1 expression was affected by these compounds, we used E. coli DH10B containing plasmid pMG306, carrying qnrS1 and a chloramphenicol acetyltransferase gene (18) , and V. splendidus 12B01 (15) . E. coli DH10B/pMG306 was grown in Luria-Bertani (LB) broth or agar (BD Difco, Sparks, MD) with chloramphenicol (20 g/ml) at 37°C, and V. splendidus 12B01 was grown at room temperature in tryptic soy broth (Remel, Lenexa, KS) containing 2% NaCl or on LB agar with 0.5 M NaCl, as previously described (16) . Each bacterial suspension was then diluted 50-to 100-fold and incubated until the cultures reached an optical density at 600 nm (OD 600 ) of 0.1 to 0.2. For each strain, the cells were incubated at room temperature without shaking for 30 min, with 4 different subinhibitory concentrations of compounds, chosen according to the compounds' MICs. A 2-fold range of concentrations from 0.8 to 6.25 g/ml was tested for PQS, and a range of concentrations from 20 to 160 g/ml was used for the other 5 compounds. For the 3 HSL compounds, concentrations of 0.1, 0.5, 2.5, and 12.5 g/ml were tested in the same manner. We also tested gene expression with ciprofloxacin (Sigma-Aldrich, St. Louis, MO) at half its MIC and determined that the solvents themselves did not change the expression levels of the qnr genes. Quantitative reverse transcription-PCR (qRT-PCR) was carried out as previously described (16) . The expression levels of the reference genes mdh and pvuA did not change in response to ciprofloxacin and all tested compounds.
When E. coli DH10B/pMG306 was treated with quinine, the expression level of qnrS1 increased between 2.7-and 4.3-fold at quinine concentrations from 40 to 160 g/ml (Table 1) . At higher concentrations (320 and 640 g/ml), qnrS1 expression increased further, by 7.7-and 11.2-fold, respectively (data not shown). 2-Hydroxyquinoline also increased qnrS1 expression, starting at 80 g/ml, and 4-hydroxyquinoline caused a modest increase of qnrS1 at 160 g/ml. Treatment with PQS modestly increased the level of qnrS1 transcripts (2.3-fold) at 6.25 g/ml. The magnitude of induction of qnrS1 by these NQLC was relatively small compared with the 10-fold increase of qnrS1 with exposure to ciprofloxacin at 0.5 MIC (data not shown). Quinolinic acid and DHQ did not cause any increase in qnrS1 expression. In contrast to the induction patterns of plasmid-carried qnrS1, no compound produced increased expression of qnrVS1 of V. splendidus, except for ciprofloxacin, which increased its expression 30-fold (see Table S1 in the supplemental material).
Ciprofloxacin had substantially more antimicrobial activity and induction of qnrS1 than any of the natural compounds tested. Quinine was the most consistent and significant inducer of qnrS1, and PQS demonstrated modest induction at 6.25 g/ml, the lowest concentration among the NQLC. The concentrations of NQLC in nature are not well known. Quinine is extracted from Cinchona tree bark (19) , which typically contains about 1 to 14% quinine content, with variation among Cinchona species (19, 20 ; http: //www.rain-tree.com/quinine.htm). Medicinal preparations of quinine may contain concentrations as high as 50 to 1,400 g/ml (ϳ150 M to 4.3 mM). Induction of qnrS1 by quinine was detectable at concentrations as low as 40 g/ml (ϳ120 M). Pesci et al. estimated the concentration of PQS in culture fluid to be ϳ6 M, and a concentration of ϳ30 M induced expression of the lasB virulence gene of P. aeruginosa (6) . The concentrations of PQS used in this study correspond to ϳ3 to 25 M, and the concentration producing qnrS1 induction is above 25 M (data not shown). Thus, it is possible that quinine and PQS play a role as inducers of qnrS1 under natural conditions. Although induction of qnrS1 was also seen with 2-hydroxyquinoline and 4-hydroxyquinoline, the concentrations of these compounds were higher (0.55 mM and 1.1 mM, respectively) than those of PQS and quinine. There is little information on the concentrations of these compounds in nature. In contrast to plasmid-carried qnrS1, no significant induction by NQLC was observed for chromosomal qnrVS1 in V. splendidus. Not only quinolinic acid and DHQ, but also quinine, 2-hydroxyquinoline, 4-hydroxyquinoline, and PQS, which significantly induced qnrS1, failed to increase expression of qnrVS1 at the tested concentrations. Only ciprofloxacin increased the expression of qnrVS1, as previously described (16) . The difference in the ability of NQLC to induce expression of plasmid-carried qnrS1 in E. coli and qnrVS1 in V. splendidus, despite these organisms' similar MICs implying similar penetration, suggests that there are distinct induction mechanisms in the two organisms and highlights the differences between NQLC and synthetic ciprofloxacin (2) . Notably, in E. coli, the induction mechanism of NQLC, like that of ciprofloxacin, is independent of the SOS system, since induction occurred in E. coli strain DH10B, which is recA defective. Because natural quinolones lack the 3-carboxyl group, which is essential for binding and blocking of DNA type IIA topoisomerase complexes, the mechanism of action of these natural compounds remains to be elucidated (2) .
The biological roles of the naturally occurring quinolones of bacterial origin are diverse and include intercellular signaling (2) .
Since some of them, such as PQS, have both an antimicrobial effect and a role in cell-to-cell signaling, we hypothesized that induction by quinolones was related to quorum sensing. For three HSL compounds known to be associated with QS, i.e., 3-hydroxy-C 4 -HSL, C 6 -HSL, and 3-oxo-C 12 -HSL, some of which are found in Vibrio spp., we tested whether they could induce qnrS1 or qnrVS1 at different concentrations (see Table S2 in the supplemental material). However, there was no significant change in either qnrS1 or qnrVS1 expression upon treatment with the 3 HSL compounds. There have been only limited numbers of studies on the natural concentrations of QS signal molecules. The concentrations of 3-oxo-C 12 -HSL and C 4 -HSL found in supernatants of P. aeruginosa have been estimated to be 1 to 5 M and 10 M, respectively (6, 21, 22 ). The range of tested concentrations of HSLs in this study was broad and was equivalent to ϳ0.3 to 70 M. Thus, no effect of these QS compounds was observed at plausibly physiological concentrations.
In summary, we found that select NQLC, such as quinine, 2-hydroxyquinoline, 4-hydroxyquinoline, and PQS, can induce qnrS1 as synthetic quinolones do, in contrast to their lack of induction of qnrVS1. The qnrS1 induction phenomenon was greatest with quinine and occurred at the lowest concentration with PQS. These findings raise the possibility that some NQLC may function as natural inducers of qnrS1. Although PQS has a role in QS, QS-associated HSL compounds showed no effect at the tested concentrations. These findings suggest that bacterial qnrS1 expression and susceptibility to antibacterial quinolones may vary in natural settings, both environmentally and during infections where multiple pathogens are present (23) . 
